Although the identification of mutations underlying monogenic traits has become nearly trivial, the molecular dissection of multifactorial traits-which include the majority of medically and agronomically important phenotypes-remains a major challenge. Despite the substantial resources that have been allocated to such efforts-particularly in human-a recent survey reported only 30 successful outcomes, all organisms confounded (Glazier et al. 2002) . This number has to be compared with the more than 1,600 Mendelian traits for which the causal mutation has been identified in the human only. As recently stated by Rutherford and Henikoff (2003) , "The nature of quantitative-trait variation is one of the last unexplored frontiers in genetics, awaiting the future cloning and definitive identification of quantitative-trait determinants, whether they be genetic or epigenetic." Indeed, it remains largely unknown how many mutations underlie the genetic variation for a typical quantitative trait, what the nature of these mutations is (structural or regulatory; genetic or epigenetic), what the actual distribution of effect size is, what the importance of dominance, epistatic and gene-by-environment interactions is, how genetic variation is maintained, etc.
LIVESTOCK POPULATIONS OFFER UNIQUE ADVANTAGES FOR THE MOLECULAR DISSECTION OF MULTIFACTORIAL TRAITS
Herein, we argue that livestock populations have a number of features which make them particularly suited for the identification of genes and mutations underlying complex traits and that, in this regard, this very valuable resource has been underutilized. Among these features are the following: 1. At least in the developed world, a growing list of phenotypes is being systematically recorded on a substantial proportion of the breeding population as part of ongoing management and selection programs. The list of phenotypes includes production traits (such as milk yield and composition in dairy cattle, carcass composition and quality in pigs and poultry, and number and quality of the eggs in poultry), "type" traits describing individual morphology, health-related traits including, e.g., udder health, traits relating to both male and female fertility, and even behavioral traits. 2. Individual phenotypes are being processed in conjunction with detailed information about living conditions and pedigree relationships to compute environmental and genetic variance components, from which estimates of heritability can be derived. Because related animals are being raised across multiple environments, there is much less risk of confounding environment and genetics when compared to most studies on human subjects. The relative contribution of genetic factors to the phenotypic variation is therefore known with high accuracy, which is obviously paramount when aiming at mapping and identifying the underlying genetic determinants. Related biometrical methods allow the generation of individual phenotypes that are pre-corrected for the identified environmental effects. The use of such "residuals" potentially increases the power to detect the underlying genes. 3. Extant pedigrees with a suitable structure for the mapping of quantitative trait loci (QTL) underlying the within-population genetic variance can often be readily collected. This is in large part due to the frequent occurrence of large paternal half-sib pedigrees ("harems"), particularly in species where artificial insemination (AI) is common practice. As an example, bulls having more than 50,000 daughters are common in dairy cattle. 4. As a result of the unusual population structure (e.g., the often very small breeding male to female ratio) used to maximize genetic response, the effective population size is typically restricted, even for the most widespread breeds. As an example, the effective population size of the black and white Holstein-Friesian dairy cattle breed has been estimated at less than 200, despite an actual, worldwide population of several tens of millions. This has two important consequences for the identification of genes underlying complex traits. First, the genetic complexity of the trait in terms of allelic and locus heterogeneity is bound to be reduced. In this sense, livestock breeds resemble isolated populations that are eagerly sought by human geneticists. Second, it is now becoming apparent that population-wide linkage disequilibrium (LD) in livestock extends over tens of centimorgans rather than subcentimorgan regions as typically observed in human. Capturing this LD signal can therefore be achieved with much sparser marker maps than in human. As a result, locating genetic determinants by whole-genome association studies may be considerably easier in livestock than in man.
5. There is growing evidence that present-day livestock species derive from multiple independent domestication events that in some instances involved founders from distinct subspecies. As a result of subsequent admixture, some livestock populations now resemble advanced inter-cross lines between highly divergent genomes exhibiting nucleotide diversities as high as 1/200. For instance, it is well documented that Asian pigs, which derive from the Asian wild boar, were imported in Europe during the 19 th century and repeatedly crossed with European pigs derived from the European wild boar (Giuffra et al. 2000) . Likewise, there is strong evidence that "... African cattle are the products of a progressive, male-driven admixture between the indigenous taurine breeds (Bos taurus) and immigrating zebu cattle (Bos indicus) ..." (Bradley and Cunningham 1999) . This situation is therefore reminiscent of the mosaic structure of variation that was recently demonstrated for laboratory mice (Wade et al. 2002) . Below, we demonstrate how this may contribute to ultra-fine-mapping QTLs in these populations. 6. Although more laborious and time-consuming than with conventional model organisms, experimental livestock inter-and back-cross pedigrees can be generated at will to map QTLs that underlie the between-population genetic variance. Numerous such crosses have been generated between parental "lines" that are highly divergent for the traits of interest. Examples include the F 2 pedigrees that were generated between Meishan and Yorkshire pigs to study prolificacy and other traits (de Koning et al. 1999; Rohrer et al. 1999; Bidanel et al. 2001 ), between Boran and N'-Dama cattle to study trypanotolerance (see, e.g., Hanotte et al. 2003) , and between layer and broiler chickens to study growth and egg production (Sewalem et al. 2002) . Unique versions of this approach are the experimental crosses that were established by crossing domestic animals with extant representatives of their wild-type ancestor species. Such crosses have been generated between the large white and European wild boar (Andersson et al. 1994) , as well as between white leghorn chickens and the red jungle fowl (see, e.g., Kerje et al. 2003) . The latter experiments seek to identify the molecular basis of the spectacular metamorphoses obtained by less than 10,000 years of artificial selection. It is important to realize that, contrary to genuine model organisms, the parental livestock "lines" that are used to generate such experimental crosses are never inbred. Mapping methods have to be adjusted for these idiosyncrasies and results interpreted with caution (see below).
Over the last 15 years, hundreds of QTLs affecting a broad range of traits have been mapped in livestock (see, e.g., Andersson 2001) . Herein, we describe the major steps that led to the first two successful identifications of the causal quantitative trait nucleotides (QTNs), one underlying a QTL influencing milk composition in cattle, the other a QTL influencing muscle mass and fat deposition in the pig.
A NONCONSERVATIVE LYSINE TO ALANINE SUBSTITUTION IN THE BOVINE DGAT1 GENE HAS A MAJOR EFFECT ON MILK YIELD AND COMPOSITION

Exploiting Progeny Testing to Map a QTL with Major Effect on Milk Yield and Composition to Proximal BTA14
The spectacular genetic progress that has been achieved in dairy cattle over the last 50 years is mainly due to the combination of (1) the systematic use of AI, allowing the widespread dissemination of genetically superior germ plasm, and (2) the selection of genetically superior bulls for AI by means of progeny testing. Candidate AI bulls are continuously being produced by mating so-called "bullsires" and "bull-dams" selected on their respective breeding values (BVs). The actual genetic merit of resulting bulls is measured with high accuracy on the basis of the average "performance" of 50-100 daughters: the progeny test. Note that progeny testing a bull takes 5-6 years and costs an estimated $30,000 per animal.
As a result of this systematic reliance on AI and progeny testing, pedigrees composed of a sire and 50-100 of its progeny-tested sons can readily be sampled from AI companies and used to map QTLs. The phenotypes used for QTL mapping are the BVs of the sons estimated from their respective daughters. The reliabilities (correlation between true and estimated BVs) of these estimated BVs are a function of the number of daughters and the heritability of the trait but are typically on the order of 70-90%. This experimental design for the mapping of QTLs was initially proposed by Weller et al. (1990) and referred to as the "granddaughter design" (GDD). The GDD requires 3-4 times less genotyping when compared to the alternative "daughter design" (DD) that relies on the use of paternal half-sister pedigrees (Georges et al. 1995) . Note that in both the GDD and DD, only the paternal chromosome provides linkage information unless one uses more sophisticated "whole pedigree analysis" methods (see, e.g., Hoeschele et al. 1997) .
Like many others, our laboratory performed a wholegenome scan using a GDD counting 29 paternal halfbrother pedigrees for a total of 1,200 black-and-white Holstein-Friesian (HF) bulls having BVs for 45 traits. The genome was covered with a battery of 350 autosomal microsatellite markers. Because only male meioses are informative, the X chromosome escapes exploration when relying on the basic GDD. This experiment led to the identification of numerous QTLs influencing a broad range of traits (see, e.g., Spelman et al. 1996 Spelman et al. , 1999 Arranz et al. 1998; Schrooten et al. 2000; W. Coppieters et al., unpubl.) . The QTL yielding the most significant signal in this experiment influenced milk fat percentage and, to a lesser degree, milk yield and milk protein percentage, and mapped to proximal BTA14 .
Exploiting Linkage Disequilibrium to Refine the Map Position of the QTL to a 3-cM Interval
Initial mapping experiments using the GDD typically led to QTL locations with confidence intervals of 20 cM initially used this biallelic QTL model to refine the map location of the BTA14 QTL to a 3-cM chromosome interval, bounded by microsatellite markers BULGE30-BULGE9 (Riquet et al. 1999; Farnir et al. 2002) . Interestingly, the Q allele was shown to be associated with different marker haplotypes in the Dutch and the New Zealand (NZ) HF dairy cattle populations (respectively referred to as marker haplotypes µH Q-D and µH Q-NZ ), suggesting that the Q alleles might be distinct in these two populations. As expected, the q alleles were associated with multiple marker haplotypes in both populations (collectively referred to as µh q ). Less constraining polyallelic QTL models have since been developed and have confirmed these initial results (Kim and Georges 2002) . The latter approach, which was first articulated by Meuwissen and Goddard (2001a,b) , models the phenotype by means of a linear model including fixed environmental effects, a random QTL effect, a random polygenic effect, and a random error term. The covariances between the QTL effects of individual chromosomes are derived from the pair-wise identity-by-descent (IBD) probabilities conditional on marker data computed using a combination of conventional linkage analysis and a simplified coalescent model to extract the LD signal. In the Kim and Georges (2002) version, the chromosomes are hierarchically clustered on the basis of the pair-wise IBD probabilities. The covariances between individual polygenic effects are computed in a standard way according to the individual animal model (see, e.g., Lynch and Walsh 1997) . Variance components and individual effects are estimated by classical restricted maximum likelihood (REML) techniques. This approach has proven highly effective in the dissection of at least two more QTLs, one influencing twinning (Meuwissen et al. 2002) , and the other milk composition (Blott et al. 2003) . Despite these initial successes, QTL fine-mapping remains the major hurdle when attempting to clone the underlying genes. This is primarily due to the fact that many of the identified QTLs appear to reflect the combined action of an undetermined number of linked QTNs, whereas most QTL mapping methods erroneously assume a single, or at best two, QTLs per chromosome. It remains to be determined whether emerging, more sophisticated statistical models will be able to satisfactorily deal with more complicated situations (see, e.g., T.H. Meuwissen and M.E. Goddard, in prep.) .
Note that because of the common occurrence of very large paternal half-sister pedigrees, an alternative finemapping method using "current" recombinants to increase cross-over density combined with selective genotyping of extremes to increase detectance is possible but has not been utilized so far. Daughters with extreme phenotypes (e.g., the 1000 bottom 5% and 1000 top 5% of 20,000 daughters) could be genotyped for a pair of markers flanking a QTL for which the sire is known to segregate, based on prior knowledge. Daughters that have inherited a recombinant paternal chromosome could then easily be singled out and genotyped for a battery of markers spanning the interval of interest. Methods akin to marker difference regression (MDR) could then be apor more. These are too large to envisage either positional cloning or the efficient utilization of the identified QTL for marker-assisted selection (MAS). The ability to refine the map position of the identified QTL is therefore crucial. Three factors determine the achievable mapping resolution: (1) the marker density in the chromosome region of interest, (2) the cross-over density in the chromosome region of interest among the available informative chromosomes, and (3) the "detectance" or probability of a given QTL genotype, given the phenotype.
Increasing the marker density, even if still laborious in most livestock species, is conceptually the simplest bottleneck to resolve. To increase the cross-over density, one can either increase the number of "current" recombinants by sampling or producing additional offspring, or attempt to exploit the "historical" recombination events that occurred in the ancestors of the available chromosome panel, i.e., exploit linkage disequilibrium (LD). However, because LD typically extends over shorter chromosome regions than linkage, this approach requires a commensurate increase in marker density. For instance, it has been estimated that on the order of 1 marker per 3-10 kb may be needed to map genes by means of LD in the human (see, e.g., Wall and Pritchard 2003) . To evaluate the feasibility of an LD-based approach in livestock, we measured the degree of genome-wide LD in the HF dairy cattle population. To our surprise, we found that LD extends over several tens of centimorgans and that gametic association is even common between nonsyntenic loci (Farnir et al. 2000) . We showed that drift caused by the small effective population size accounts for most of the observed LD. As a consequence, it seemed that LD could be useful for fine-mapping purposes even with the medium density marker maps available in livestock. One major advantage of using LD in the context of the GDD is that it allows the extraction of information from the maternally inherited chromosomes of the sons. As noted before, when performing linkage analysis, the only informative chromosomes in the GDD are the sires' chromosomes. Exploiting LD therefore potentially doubles the amount of information that can be extracted from the GDD.
The GDD also offers interesting features in terms of QTL "detectance." As noted before, the use of the estimated BVs of the sons reduces the environmental noise, thereby improving the QTL detectance when compared to the use of the daughters' phenotypes in the DD. In addition, the evidence for segregation or absence of segregation in each paternal half-sib pedigree provides considerable information about the QTL genotype of the sires. If a pedigree shows clear evidence for the segregation of a QTL linked to a given marker, the sire is deemed to be heterozygous at that QTL or Qq under a biallelic QTL model. If we make the assumption that all heterozygous "Qq" sires carry an identical-by-descent Q allele that appeared by mutation or migration on a founder chromosome and swept through the population as a result of its favorable effect on milk composition, all the Q-bearing chromosomes of the heterozygous sires are predicted to share a marker haplotype tracing back to the founder, and whose detection leads to the localization of the QTL. We plied to refine the location of the one or multiple QTLs in the region (see, e.g., Lynch and Walsh 1997) .
Association Studies Point toward DGAT1 as the Causal Gene
A BAC contig spanning the ~1.4-Mb BULGE30-BULGE9 interval was constructed using a combination of chromosome walking and STS content mapping. STSs for contig construction were mainly cDNA probes corresponding to genes predicted to map to the interval of interest based on human-bovine comparative mapping information, and STS derived from BAC end sequences (Grisart et al. 2002 and in prep.) .
The BAC contig was shown to contain a very strong positional candidate, diacylglycerol acyl transferase (DGAT1). As its name implies, DGAT1 indeed catalyzes the final step in triglyceride (TG) synthesis. TGs make up 98% of milk fat-the trait most profoundly affected by the BTA14 QTL. In addition, constitutive inactivation of DGAT1 in knockout mice was shown to completely abrogate lactation, pointing toward a unique function of DGAT1 in lactational physiology (Smith et al. 2000) .
The DGAT1 gene was completely sequenced from a small number of chromosomes carrying the µH
NZ , and µh q marker haplotypes. This led to the identification of eight SNPs: six in introns, one in the 3´UTR, and one in exon VIII. The latter (referred to as K232A) was particularly intriguing because (1) it resulted in the nonconservative substitution of a lysine by an alanine, (2) the lysine residue was perfectly associated with both the µH Q-D and µH Q-NZ haplotypes, whereas the alanine residue was found on all analyzed µh q haplotypes, and (3) all eight sequenced mammals carried a lysine residue at the corresponding position except Cercopithecus aethiops, which nevertheless had a basic amino acid, arginine, in position 232.
Cohorts of respectively 1,800 bulls and 500 cows were genotyped for the K232A mutation, and its effect on milk yield and composition was estimated using a linear model including a random polygenic component accounting for the relatedness between individuals. The K232A mutation was shown to have a major effect on milk fat percentage (p < 10 -122 in the bulls!) explaining as much as 30% of the phenotypic variation in the cows. All other traits measuring milk yield and milk composition were very significantly affected as well. These results were perfectly compatible with the DGAT1 K232A mutation's being directly responsible for the BTA14 QTL effect.
It is worthwhile noting that, contrary to expectation, the K allele corresponding to the Q QTL allele is in fact the ancestral state shared with the other mammalian species, the A allele corresponding to the q allele being the derived state. However, the fact that in both the Dutch and the New Zealand (NZ) population the K allele is associated with a unique albeit distinct marker haplotype testifies for the selective sweep that it has undergone independently in both populations, probably following the implementation of systematic selection for increased fat yield in the 1960s.
One could argue that most other polymorphisms in the BULGE9-BULGE30 interval would have shown strong effects on milk yield and composition as a result of extensive LD in this region. At least three other DGAT1 SNPs (in virtually perfect association with K232A) indeed yielded equally strong effects. To test the unique status of DGAT1 within this interval, we developed a panel of 20 SNP markers spanning the BULGE9-BULGE30 interval and genotyped a cohort of 1,818 Dutch and 227 NZ HF bulls using a high-throughput oligonucleotide ligation assay (OLA). The effect of each SNP on milk fat percentage was estimated using the previously described linear model. In the Dutch population, the most significant effects (LOD scores > 200) were obtained for an entire block of nine SNPs (including the DGAT1 SNPs) located at the centromeric end of the BULGE9-BULGE30 interval. All nine SNPs yielded essentially equally significant effects. This suggested that the QTL was indeed located within the portion of the BAC contig encompassing DGAT1, but it did not allow us to exclude the other genes located in this segment, including the CHRP gene that was previously incriminated by Looft et al. (2001) . In the NZ population, however, where DGAT1 was not as strongly associated with the remainder of the proximal SNP block, the effect on milk fat percentage was clearly much stronger with the DGAT1 SNPs than with any other polymorphism in the region. This provided very strong evidence that DGAT1 is indeed the gene responsible for the BTA14 QTL effect.
Functional Tests Incriminate the K232A Mutation as the Causative QTN
The previously described results identified DGAT1 as the gene underlying the BTA14 QTL, and identified K232A as the most likely causal mutation. To provide additional evidence for the causality of the K232A mutation, we expressed bovine DGAT1 alleles that differed only at the K232A position in Sf9 insect cells using a baculovirus expression system. We measured DGAT1 activity in the corresponding microsome preparations by measuring the rate of incorporation of 14 C-labeled oleoyl-CoA in diacylglycerol, using thin-layer chromatography and phosphor imaging to separate and quantify the synthesized TG (B. Grisart et al., in prep.) . The activity of the K allele at apparent V max concentrations was shown to be 1.5 times higher when compared to that of the A allele. This is in perfect agreement with the phenotypic effect of the K232A mutation, the A to K substitution causing an increase in milk fat percentage in the live animal.
These results therefore strongly supported the causality of the K232A mutation, the only structural mutation differentiating the Q and q DGAT1 alleles. Any other mutation would have to be a regulatory mutation controlling the expression level of DGAT1. We measured the relative amounts of K and A mRNA in the mammary glands of heterozygous K/A cows and showed these to be equivalent. Therefore, this does not support the alternative hypothesis of an as yet unidentified regulatory mutation controlling DGAT1 expression levels that would be in strong association with the K232A SNP.
This combination of genetic and functional evidence made a very compelling case that the DGAT1 K232A mu-tation is indeed single-handedly responsible for the BTA14 QTL effect on milk yield and composition.
A G TO A SUBSTITUTION IN A SILENCER ELEMENT CONTROLLING IGF2 TRANSCRIPTION HAS A MAJOR EFFECT ON SKELETAL AND CARDIAC MUSCLE MASS IN PIGS Using Experimental Crosses to Map an Imprinted QTL with Major Effect on Muscle Mass to Proximal SSC2
As mentioned previously, when working with livestock species experimental crosses can be designed at will to search for QTLs that underlie the phenotypic differences between highly divergent parental lines or breeds. We herein describe results obtained on two such pedigrees: (1) a European wild boar (EWB) x large white (LW) intercross counting 200 F 2 offspring generated to identify the genetic determinants accounting for the spectacular phenotypic evolution accrued through 10,000 years of domestication (Andersson et al. 1994 ) and (2) a Piétrain (P) x LW intercross counting 650 F 2 offspring, generated to identify QTLs underlying the differences in growth and carcass composition between two breeds that are being extensively used in commercial pig production worldwide . Whole-genome scans were performed in both instances using microsatellite markers spanning the entire genome.
Both studies revealed a QTL with major effect on muscle mass and fat deposition mapping to the distal end of the short arm of pig chromosome SSC2 (Andersson-Eklund et al. 1998; Nezer et al. 2002) . SSC2p was known from comparative mapping data to be orthologous to HSA11pter-q13, harboring at least two intriguing candidate genes, MyoD and IGF2. MyoD was shown to map to SSC2, however, at more than 60 cM from the most likely position of the QTL. The position of IGF2, on the contrary, was shown to coincide exactly with that of the QTL in both studies. IGF2 is known to be imprinted and expressed exclusively from the paternal allele in man, mouse, rabbit, and sheep. We demonstrated that IGF2 is likewise imprinted in the pig. To test whether IGF2 might underlie the observed QTL effect, we applied an imprinting model to our pedigree data. We clearly showed in both studies that only the paternal SSC2 QTL allele influences the phenotype, the maternal allele having very little if any phenotypic effect at all. This strongly supported the involvement of an imprinted gene with exclusive paternal expression, possibly IGF2 (Nezer et al. 1999; Jeon et al. 1999 ).
The QTL allele substitution effect amounted to 2-3% of muscle mass underpinning the potential economic importance of this QTL. It is worthwhile noting that the QTL allele increasing muscle mass originated from the LW parent in the EWB x LW cross, and from the P parent in the P x LW cross, suggesting that multiple QTL alleles might exist. Subsequent studies performed in Meishan (M) x LW and Berkshire (B) x LW intercrosses detected the same imprinted QTL effect, with the allele increasing muscle mass originating in both cases from the LW parent (de Koning et al. 2000; Thomsen et al. 2002) .
It is noteworthy that imprinting can normally not be tested in a standard F 2 pedigree. Indeed, testing imprinting boils down to evaluating the contrast, ∆ IMP , between (1) F 2 individuals sorted by paternally inherited chromosome, with the maternal chromosome held fixed, and (2) F 2 individuals sorted by maternally inherited chromosome, with the paternal chromosome held fixed: in which XX corresponds to the phenotypic average of the XX genotypic class where the first digit refers to the paternal chromosome, and the second to the maternal chromosome. Because it is impossible to distinguish "12" from "21" individuals in a standard F 2 , the imprinting hypothesis cannot be tested. Contrary to the situation applying to genuine model organisms in which the parental lines are inbred, in livestock, parental lines are never inbred and segregate for multiple marker alleles. The alternate F 2 heterozygotes can therefore often be differentiated, allowing one to test the imprinting hypothesis in a typical livestock F 2 design. This has been extensively applied in animal genetics following our initial report and has led to a flurry of so-called imprinting effects in the animal genetics literature (see, e.g., de Koning et al. 2000) .
There is a caveat, however. Just as parental lines in livestock are not fixed for alternate marker alleles, they cannot simply be assumed to have fixed alternate QTL alleles. As a consequence, all F 1 individuals cannot be assumed to be systematically heterozygous for the same QTL and/or same QTL alleles for a given QTL. The phenotypic contrast between the alleles of different F 1 individuals at a given locus is therefore expected to vary. Because the number of F 1 parents is typically very small (especially for the males), it cannot be expected that the average contrast between chromosomes inherited from F 1 sires will be the same as the average contrast between chromosomes inherited from the F 1 dams, even in the absence of true parental imprinting (de Koning et al. 2002) . This problem will be exacerbated in the likely case of LD between marker and QTL alleles in the paternal lines. Indeed, by definition it will be possible to test imprinting only for chromosome regions for which the F 1 sire and dam have inherited distinct marker alleles from one or both F 0 parents. This will increase the probability that the F 1 sire and dam have a distinct QTL genotype thus yielding a parent-of-origin-specific contrast between F 1 chromosomes even in the absence of parental imprinting. It is crucial to be very cautious before concluding that a parent-of-origin effect detected in an F 2 design is due to genuine parental imprinting.
Using LD and Marker-assisted Segregation Analysis to Refine the Map Position of the SSC2 QTL to a 250-kb Segment Containing IGF2
Measuring LD in European pig populations demonstrated that it was essentially as widespread in pigs as previously recognized in cattle and sheep. LD was found to be common between syntenic markers several tens of centimorgans apart, and gametic association was even found between nonsyntenic markers, especially in synthetic populations derived by the recent admixture of distinct breeds (N. Harmegnies and M. Georges, unpubl.) . To provide additional support for the direct involvement of IGF2 in the SSC2 QTL, we therefore used an LDbased IBD mapping method to refine the map position of the QTL. The approach chosen was very similar to the one previously described for the fine-mapping of the BTA14 QTL in dairy cattle. To increase the QTL detectance, the QTL genotype of a series of boars sampled in multiple populations was determined with high accuracy by marker-assisted segregation analysis using large cohorts of offspring. Heterozygous Qq sires were predicted to carry an IBD Q QTL allele having appeared by mutation or migration on a founder chromosome g generations ago and having undergone a selective sweep due to its favorable effect on muscle mass. As a consequence, a shared marker haplotype spanning the QTL was predicted for all Q-bearing chromosomes. We developed a panel of 51 SNPs, and 5 microsatellite markers uniformly spanning the KVLQT1-H19 imprinted domain and genotyped heterozygous Qq boars for all of these including sufficient offspring to establish marker phase. As predicted, all Qbearing chromosomes were indeed sharing a haplotype spanning 250 kb and containing INS and IGF2 as only known paternally expressed genes. Such a shared haplotype was not found among q chromosomes, which were showing a much higher degree of genetic diversity, as expected. This provided strong additional support for a direct involvement of IGF2 . Contrary to the DGAT1 story, however, sequencing the Q and q alleles for the coding portions of IGF2 did not reveal any structural difference. This suggested that the QTL effect was most likely due to a regulatory rather than a structural mutation.
Extensive Resequencing of a 28.5-kb Chromosome Segment Encompassing the IGF2 Gene Identifies the QTN
To identify the hypothetic regulatory mutation, we sequenced 28.5 kb (encompassing the last exon of the TH gene, the complete INS gene, and the complete IGF2 gene up to the SWC9 microsatellite marker in its 3´UTR corresponding to the distal end of the marker haplotype shared by all Q alleles) for three Q chromosomes and seven q chromosomes, each carrying a distinct marker haplotype across the KVLQT1-H19 domain (Van Laere et al. 2003) . We identified a staggering 258 SNPs, corresponding to one polymorphic base pair every 111 nucleotides. A phylogenetic tree describing the relationship between the ten analyzed chromosomes was constructed by neighborjoining analysis. It showed that all three Q chromosomes were virtually identical to each other, whereas the q chromosomes essentially fell into two distinct clades. One of these included the EWB, suggesting that the chromosomes in this cluster were of European descent. Chromosomes in this cluster exhibited an average nucleotide diversity of 0.0007 among themselves and of 0.0039 with the chromosomes from the Q clade. The other q clade comprised two more distantly related chromosomes exhibiting a nucleotide diversity of 0.0025 among themselves, of 0.0032 with the Q clade, and 0.0034 with the other q clade.
For 33 of the 258 identified SNP positions, the three Q chromosomes shared a nucleotide not encountered on any of the analyzed q chromosomes. These would most likely correspond to mutations having occurred on the branch separating the Q from the other chromosomes and would therefore be prime candidates for the QTN. Two of these 33 SNPs reside in evolutionary footprints, regions exhibiting a high degree of conservation between human, mouse, and pig, which were detected in a preliminary sequence exploration of the porcine IGF2 and H19 genes (Amarger et al. 2002) .
We then screened a large number of sire families using one of the 33 candidate SNPs (located between TH and INS) as being diagnostic of the Q versus q status. We identified two sire families that were not showing any evidence for the segregation of a QTL despite the fact that the corresponding boars were clearly heterozygous for the SNP: one Hampshire boar and one F 1 M x LW boar. We completely sequenced the 28.5-kb segment for the four chromosomes of the corresponding boars. The Hampshire boar proved to carry one chromosome that belonged to the Q clade and one chromosome that was clearly a recombinant chromosome, being from the q clade between TH and the middle of the IGF2 intron 1 and from the Q clade for the remainder of the interval. This allowed us to exclude the entire segment for which this boar was heterozygous, eliminating 9 of the 33 candidate SNPs. The F 1 M x LW boar proved to carry one chromosome-of Meishan origin-belonging apparently to the Q clade over its entire 28.5-kb length, the otherof large white origin-belonging to the q clade over the entire 28.5 kb. Intriguingly, however, the Meishan chromosome differed from all other known Q chromosomes at one position, corresponding to one of the two candidate SNPs located in an evolutionary footprint: a CpG island in the third intron of IGF2. The Meishan chromosome was sharing an A residue with all q chromosomes at that position whereas all other Q chromosomes had a G residue. The q LW chromosome, on the contrary, shared the same residue with all other q chromosomes at all the 33 QTN candidate positions. The easiest interpretation of these results is that the chromosome of the M x LW F 1 boar clustering within the Q clade was in fact functionally of q type differing with the genuine Q chromosomes at the actual "holy grail": the QTN. The functional q status of this Meishan chromosome was in agreement with a previous publication detecting the imprinted SSC2 QTL in a M x LW intercross, and in which the Meishan chromosome was associated with a decrease in muscle mass and concomitant increase in fat deposition (de Koning et al. 2000) . Extending our screen, we identified one boar that was heterozygous at the QTN only: The QTL proved to segregate in its offspring, providing very strong support that the G residue at the QTN was necessary for a chromosome to be functionally Q.
The fact that the q chromosome of Meishan origin clusters with the Q clade indicates that the latter is of Asian origin. The G to A transition either could have been sampled as such during pig domestication in Asia, or could have occurred after domestication either in Asia or in Europe after the importation of Asian germ plasm in the 19th century.
Functional Analyses Confirm That the QTN Is Not
Only Necessary but Also Sufficient
Given the phenotypic effect of the QTL, and the lack of a structural IGF2 difference between the Q and q alleles, we predicted that the QTN would be a regulatory mutation causing a postnatal increase in IGF2 levels in striated muscle (A.-S.Van Laere et al., in prep.) . Indeed, the major effect of the QTL was on muscle mass, fat deposition, and heart size, measured at six months of age. There was no evidence for a perinatal growth effect or a postnatal effect on the size of any other organs (Jeon et al. 1999) . Note that in the mouse a deletion involving DMR1, an associated block of directly repeated sequences and the CpG island containing the QTN, leads to derepression of the maternal allele during fetal development as well as continued postnatal expression from the maternal and paternal alleles in mesodermal tissue (Constancia et al. 2000) . To test the effect of the QTL on IGF2 expression in vivo, we produced an F 2 population segregating for the QTN. F 2 offspring were slaughtered at five stages of development: fetal, one, two, four, and six months of age. We first demonstrated that the QTL genotype had no effect on the imprinting status of the IGF2 gene. For all analyzable genotypes (i.e., qq, Qq, and qQ), we found that (1) before birth, IGF2 was expressed exclusively from the paternal allele in all examined tissues and (2) after birth, IGF2 remained preferentially expressed from the paternal allele with, however, progressive reactivation of the maternal allele in some tissues, including skeletal muscle. This might explain why in one of the initial QTL mapping experiments muscle growth was found to be slightly superior in q pat /Q mat versusanimals, and in QQ versus Q pat /q mat animals (Jeon et al. 1999) . We then used northern blot analysis as well as RT-PCR to quantify the amounts of IGF2 mRNA in different tissues of F 2 animals sorted according to the IGF2 allele inherited from their sire. Before birth, the QTN genotype had no detectable effect on IGF2 levels in any of the analyzed tissues. This is in agreement with the lack of detectable phenotypic effect of the QTL at birth. After birth, the QTN genotype had a very significant effect on IGF2 levels in skeletal muscle (~threefold increase) and heart, although not in liver. This is again in agreement with the postnatal effect of the QTL on skeletal muscle mass and heart size-resulting probably from a paracrine IGF2 effectbut lack of effect on the size of any other organs. These results thus provided very strong additional support for a direct role of IGF2. To check whether the identified QTN was sufficient to confer the functional Q status to a chromosome, we performed a series of in vitro experiments. The QTN is the antepenultimate nucleotide of a 16-bp motif that is perfectly conserved among all tested mammals (eight species) and which contains an 8-bp palindromic sequence susceptible to adopt a hairpin structure. Despite the fact that it does not present any obvious similarity with known cis-regulatory elements, its remarkable conservation suggested that it might bind a trans-acting factor. We thus performed electrophoretic mobility shift assays using 27-mers including the QTN that were incubated with nuclear extracts from C2C12 myoblast cells. The q allele was clearly able to bind a factor not bound by the Q allele. Competition with cold q but not Q oligonucleotide would effectively displace the q probe. These results suggest that the QTN indeed affects a cisacting silencer element binding in its wild-type conformation to a trans-acting suppressor. This interaction would be abrogated in the Q allele, leading to an overexpression of IGF2 in skeletal muscle and, hence, increased muscle mass.
To further test this hypothesis, we cloned a 578-bp fragment containing the QTN in front of the luciferase reporter gene driven by the IGF2 P3 promoter. We demonstrated in vivo that most of the IGF2 transcript in postnatal skeletal muscle derives from the P3 promoter and that the QTN genotype influences the amount of P3-driven IGF2 transcripts. We clearly demonstrated by transient transfection in C2C12 cells that including the q fragment led to a four-fold reduction in expression level, whereas the Q fragment reduced the expression level by 1 / 4 only. This confirmed that the evolutionarily conserved segment containing the QTN indeed functions as a silencer element in myoblastic cells, and that the QTN interferes with this function leading to a threefold increase in expression levels from the Q when compared to the q allele (i.e., noticeably very similar to the expression ratios observed in vivo). Altogether, these results strongly suggest that the QTN is not only necessary, but also sufficient to determine the QTL status of the corresponding chromosome (Van Laere et al. 2003) .
ON THE IMPORTANCE OF SEQUENCING LIVESTOCK GENOMES
In this paper, we have described the strategies that were used to successfully identify the causal mutations underlying two QTL in livestock. Given the limited resources that are available in the field of livestock genomics, these results are quite remarkable and demonstrate the value of livestock populations for the molecular dissection of complex traits. We strongly believe, therefore, that a more systematic use of livestock populations could very significantly contribute to a fundamental understanding of the molecular architecture of complex inherited traits, as well as to the identification of biochemical pathways affecting phenotypes that are not only of importance for agriculture but have relevance to human health as well. This is well illustrated by the recent identification of a missense mutation in the porcine PRKAG3 gene causing the RN phenotype associated with a large effect on glycogen storage in skeletal muscle and direct relevance for the pathogenesis of non-insulin-dependent diabetes mellitus in humans (Milan et al. 2000) . Other examples abound: The differences in skeletal muscle mass and fat deposition among pig and poultry breeds as described in this paper can be viewed as models of mild obesity; understanding the differences in calcium metabolism between jungle fowl and leghorn chickens linked to egg production could reveal pathways relevant to osteoporosis; cystic ovarian disease is a very common complex inherited disease in dairy cattle and potentially a good model for polycystic ovarian syndrome, one of the most common endocrine disorders of women.
Contrary to previous considerations (Nadeau and Frankel 2000) , we believe that QTL mapping and subsequent QTN identification have the potential to make a significant contribution to narrow the "phenotype gap"; i.e., the lack of functional information from mutation-induced phenotypes for most mammalian genes. The detection of the QTN underlying the SSC2 QTL illustrates this vividly. The Q to q substitution effect corresponds to a difference of 2-3% in muscle mass, which would have been virtually impossible to detect in a phenotype-driven mutagenesis screen. Yet this mutation accounts for 25% of the phenotypic difference in the F 2 generation, and its identification revealed a novel cis-acting regulatory element in IGF2, a gene that has been extensively studied using standard molecular biology.
The genome sequences of a number of livestock species are expected to become available in the not too distant future. The poultry genome should be completed, at least at eightfold coverage by the end of 2003 (http://genomewustl.edu/projects/chicken/), and the sequencing of the bovine genome should be initiated before the end of the year. A onefold coverage of the porcine genome will be generated by the end of 2003 (M. Fredholm, pers. comm.), and more extensive sequencing of the pig genome will hopefully commence soon after the completion of the poultry and bovine genomes.
So far, the motivation to sequence the genomes of livestock species has mainly come from the realization that comparison of genome sequences from evolutionarily diverse species is a powerful approach to identify functionally important genetic elements (see, e.g., Collins et al. 2003) . Having the sequence of the livestock genomes at hand will also immensely facilitate the identification of additional QTNs in these species in which-contrary to the status in the human-large numbers of very convincing QTLs have already been mapped. The potential value of understanding the molecular architecture of QTLs segregating in livestock populations not only for agriculture but, equally importantly, for fundamental biology and the biomedical science is an additional reason to ensure that livestock genomes are rapidly and completely sequenced.
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